INTRODUCTION {#s1}
============

The requirement of the breast to undergo the high level of proliferation observed during puberty and each round of pregnancy suggests the presence of a stem cell population within the breast \[[@R1]\]. Unequivocal evidence for the presence of stem cells in the murine mammary gland has been reported from a variety of studies \[[@R2]-[@R4]\]. There is evidence that a population of cells within breast cancer display stem cell properties Al-Hajj *et al.* \[[@R5]\]. In a clinical study, Li *et al.* \[[@R6]\] demonstrated enrichment of the breast cancer stem cell population (identified by flow cytometry and mammosphere assay *in vitro*) in response to chemotherapy. Many groups have enriched for functional breast cancer stem cells using ESA^+^/CD44^+^/CD24^−/low^ \[[@R7]-[@R10]\]. In addition, mammosphere culture has been used to assess both normal and cancer stem cell activity. Recent evidence suggests that the mammosphere assay acts an accurate *in vitro* tumour model, particularly of aggressive tumours \[[@R11], [@R12]\]. Dontu *et al.* \[[@R13]\] utilised this assay to enrich for breast stem cells by harvesting mammospheres formed from cells which survived non-adherent culture conditions, the anoikis-resistant cells. Harrison *et al.* \[[@R10]\] reported that anoikis resistant cells had increased CD44^+^/CD24^−^ expression and could be used to enrich for breast cancer stem cells.

CXCR4 is the most common chemokine receptor expressed on tumour cells and has been detected in 23 different types of cancer \[[@R14], [@R15]\]. CXCR4 signalling has been linked with aggressiveness and the promotion of metastasis, with cells expressing the receptor homing to tissues secreting SDF-1 (stromal cell-derived factor-1). Muller *et al.* \[[@R16]\] and others have demonstrated that CXCR4/SDF-1 signalling *in vivo* regulates breast cancer metastases \[[@R17]-[@R22]\]. CXCR4 expression has been detected in the stem cell population of lung, pancreatic and prostate tumours \[[@R23]-[@R25]\].

In the current study we used anoikis-resistance to enrich for normal and malignant breast stem cells. Stem cell enrichment was validated both *in vitro* and *in vivo*. CXCR4 expression was found to be up-regulated in the stem cell-enriched populations and we show that CXCR4 signalling has contrasting effects on normal and malignant breast stem cell activity. Signalling through CXCR4 is found to specifically regulate self-renewal of malignant stem cells which may account for its role in breast cancer progression and metastasis.

RESULTS {#s2}
=======

Anoikis resistance enriches for mammosphere-initiating, normal colony-forming and tumour-initiating cells {#s2_1}
---------------------------------------------------------------------------------------------------------

Anoikis-resistant cells harvested after 12 hours in mammosphere culture from two normal breast cell lines demonstrated significant increases in mammosphere forming potential compared with unsorted monolayer cells (Figure [1A](#F1){ref-type="fig"} -- 226L: 4.0-fold increase, p\<0.001; MCF10a: 1.9-fold increase, p\<0.001). The degree of stem cell enrichment was also assessed *in vitro* using 3D-Matrigel culture (Figures [1B and C](#F1){ref-type="fig"}). The anoikis-resistant cells formed significantly more structures than unsorted monolayer cells for both cell lines (226L: 2.4 fold increase, MCF10a: 1.5 fold increase, both p\<0.001). This significant increase in structures formed was seen across all sizes except those greater than 300 μm where the number of structures formed was too low to gain significance (data not shown).

![Normal and malignant stem cells are anoikis-resistant\
Anoikis-resistant (AR) cells were harvested from 2 normal (MCF10a and 226L) and 3 malignant (SKBR3, MCF7 and T47D) breast cell lines and demonstrated stem cell enrichment. AR cells from MCF10a and 226L cell lines formed more mammospheres (A) and 3D structures in Matrigel (B and C) compared with unsorted monolayer cells. AR cells from SKBR3, T47D and MCF7 cell lines formed more mammospheres (D) and formed tumours *in vivo* more efficiently than their monolayer cells (E -- SKBR3 and T47D only). Mammosphere results represent 3 independent experiments in triplicate (A and D). Matrigel results represent 2 independent experiments in quadruplicate (B). The numbers beside each data point represent the number of mice tested with each amount of cells (E). MFE -- mammosphere forming efficiency, Mono -- monolayer cells, AR -- 12 hour anoikis-resistant cells. Scale bar (C) 100μm, error bars ± S.E.M., \*\* p\<0.01, \*\*\* p\<0.001.](oncotarget-05-599-g001){#F1}

Twelve hour anoikis-resistant cells from the 3 malignant cell lines, MCF7, SKBR3 and T47D also demonstrated a significant increase in the number of mammospheres formed compared with monolayer cells (Figure [1D](#F1){ref-type="fig"} -- MCF7: 1.8-fold increase, p\<0.001; T47D: 2.7-fold increase, p\<0.001; SKBR3: 2.3-fold increase, p\<0.01). Previous work by Harrison *et al.* \[[@R10]\] demonstrated that the anoikis-resistant population of MCF7 cells is enriched for stem cells both *in vitro* and *in vivo* (5.7-fold and 12-fold respectively). However, until now, no studies have demonstrated the tumorigenic potential of the anoikis-resistant population of T47D or SKBR3 cell lines *in vivo*. We therefore injected limiting dilutions of T47D or SKBR3 cells into immunocompromised mice to investigate the tumour initiating capacity of the anoikis-resistant cells versus monolayer cells. It can clearly be seen that anoikis-resistant cells form tumours more efficiently than monolayer cells (Figure [1E](#F1){ref-type="fig"} -- fold change at 50% tumour formation, T47D: 130-fold increase and SKBR3: 7-fold increase).

Analysis of gene expression in anoikis-resistant cells reveals up-regulation of CXCR4 in normal and malignant breast cell lines {#s2_2}
-------------------------------------------------------------------------------------------------------------------------------

Changes in gene expression between the populations of anoikis-resistant cells (collected after 8 or 12 hours in mammosphere culture) and monolayer cells for the five cell lines were analysed using an Agilent custom microarray. We identified genes which were differentially expressed between monolayer and the 2 anoikis-resistant cell populations. Initial analysis revealed no significant differences between the 8 and 12 hour anoikis-resistant cells in both the normal and malignant cell lines. However, there were more genes differentially expressed between 12 hour anoikis-resistant cells (compared to monolayer) than between 8 hour anoikis-resistant cells (compared to monolayer) supporting the hypothesis that greater stem cell-enrichment is achieved after 12 hours in mammosphere culture (data not shown). Fewer genes were differentially expressed between the anoikis-resistant and monolayer populations of the normal cell lines compared with the malignant cell lines.

Figure [2A](#F2){ref-type="fig"} shows genes which had a greater than 2-fold difference in expression between monolayer and anoikis-resistant populations. Several of these genes have previously been associated with stem cell functions: MAFB and ZNF589 have been shown to be important in lineage-specific haematopoiesis \[[@R26], [@R27]\], while HES4 is a down-stream target of the Notch signalling pathway which has been shown to affect breast cancer stem cell activity \[[@R10]\]. CXCR4 has previously been shown to be important in metastasis of breast cancer and is highly expressed in the cancer stem cell population of other epithelial cancers \[[@R23]-[@R25]\]. We therefore chose to focus our attention on the expression and role of CXCR4 signalling in normal and malignant breast stem cells.

![CXCR4 RNA and protein expression is increased in anoikis-resistant cells\
Gene expression of the anoikis-resistant fraction versus monolayer cells of 2 normal (MCF10a and 226L) and 3 malignant (SKBR3, MCF7 and T47D) breast cell lines were analysed using an Agilent custom microarray. 12 genes increased \>2-fold expression in the anoikis-resistant population versus monolayer cells while 3 genes significantly decreased \>2-fold expression averaging expression across all cell lines (A). Quantitative RT-PCR and FACS confirmed increased gene and cell surface expression of CXCR4 in 4 out of the 5 cell lines analysed compared with monolayer cells (B and C). CXCR4 transcript levels were also found to be significantly higher in CD44+/CD24− flow sorted cells from Creighton et al. 2009 \[[@R28]\] (D). Pearson correlation was used for hierarchical clustering of gene expression (rows), red = high and blue = low relative to mean (white), grey = no expression. Mono -- monolayer cells, AR -- 12 hour anoikis-resistant cells, n.d. -- not detectable. FACS plots representative of 3 independent experiments, (D) n = 14, error bars ± S.E.M., \*\* p\<0.01.](oncotarget-05-599-g002){#F2}

The gene expression levels of CXCR4 in the 12 hour anoikis-resistant and monolayer cells were validated by qPCR, while flow cytometry was used to assess CXCR4 cell surface expression. An increase in CXCR4 transcripts were observed in the anoikis-resistant cells compared with the monolayer cells for 4 out of the 5 breast cell lines (Figure [2B](#F2){ref-type="fig"}). CXCR4 expression was too low to be detected in either population of 226L cells. Both normal cell lines showed low levels of cell surface expression of CXCR4 in monolayer (226L -- 0.44%, MCF10a -- 0.30%). The expression of CXCR4 remained low, but significantly increased in the anoikis-resistant cell population for both cell lines (226L -- 3.6-fold increase, n=3, p\<0.001; MCF10a -- 3.0-fold increase, n=3, p\<0.05). Cell surface expression of CXCR4 was significantly increased in the anoikis-resistant cell populations of T47D (5.3-fold change, n=3, p\<0.05) and SKBR3 (2.9-fold change, n=3, p\<0.05). However, there was a significant decrease in cell surface expression of CXCR4 in the anoikis-resistant cell population of the malignant cell line which expressed the most CXCR4 in monolayer, MCF7 cells (12.1% in monolayer, 0.5-fold change in anoikis-resistant population, n=3, p\<0.05). MCF7 anoikis-resistant cells were the only cell line to decrease in cell surface expression (Figure [2C](#F2){ref-type="fig"}). To obtain supporting data from patient tumours, we obtained CXCR4 transcript levels from Creighton et al. \[[@R28]\] where breast cancer stem cell-enriched populations (CD44^+^/CD24^−^) were sorted by flow cytometry and gene expression was analysed (Figure [2D](#F2){ref-type="fig"}). The data show an average 6-fold higher CXCR4 expression in patient-derived breast cancer stem cells (n=14, p\<0.01).

Effects of stimulation and inhibition of CXCR4 on mammosphere-formation/self-renewal of cell lines and patient-derived tumours {#s2_3}
------------------------------------------------------------------------------------------------------------------------------

To examine the effects of CXCR4 signalling on stem cell activity, the CXCR4 ligand, SDF-1 and the CXCR4 antagonist, AMD3100 were used to stimulate or inhibit signalling respectively, either alone, or in combination (Figure [3](#F3){ref-type="fig"}). Mammosphere forming efficiency (MFE) was significantly reduced with the addition of SDF-1 (p\<0.001) whereas AMD3100 had no effect on either of the immortalised normal breast cell lines. However, addition of the antagonist in combination with SDF-1 rescued the reduction seen with SDF-1 treatment alone and increased the MFE of both cell lines back to control levels (Figure [3A](#F3){ref-type="fig"}, p\<0.001 for both).

![Inhibition and stimulation of CXCR4 signalling has differing effects on stem cell activity of normal and malignant breast cell lines and patient-derived cells\
SDF-1 and AMD3100 was used to stimulate and inhibit CXCR4 signalling respectively in the mammosphere assay. Stimulation of CXCR4 signalling reduced the number of mammospheres formed in the normal breast cell lines MCF10a and 226L while it increased mammosphere formation in the malignant cell line T47D and cells derived from patients with breast cancer (A). Combination treatment with SDF-1 and AMD3100 increased mammosphere formation in both MCF7 and T47D cell lines but had no effect on SKBR3 cells. Treatment with AMD3100 reduced stem cell self-renewal of T47D cells (B). SDF-1 treatment increased self-renewal of the single patient derived sample tested for 2^nd^ generation mammosphere formation. Both treatments had no significant effects on self-renewal of 226L cells. 1^st^ generation mammosphere results (A) represent 3 independent results in triplicate. 226L and T47D 2^nd^ generation mammosphere results represent 3 independent results. Patient-derived cells were obtained from 2 ascites samples and primary established cell line (from an ascites). All statistics are comparing mammosphere formation against untreated controls (far left bar of each chart). MFE -- mammosphere forming efficiency, error bars ± S.E.M., \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001.](oncotarget-05-599-g003){#F3}

Two human ascites samples taken from patients with breast cancer were also treated with AMD3100 and SDF-1, along with a cell line originally established from a primary ascites sample. SDF-1 treatment alone significantly increased MFE (p\<0.01) while AMD3100 alone had no effect (Figure [3A](#F3){ref-type="fig"}). Combination treatment reduced MFE back to the level of untreated samples (p\<0.01).

Single and combination treatment of AMD3100 and SDF-1 in mammosphere culture was repeated with the 3 malignant cell lines MCF7, T47D and SKBR3 (Figure [3A](#F3){ref-type="fig"}). Only the MFE of the T47D cell line was significantly increased in response to AMD3100 (p\<0.05). SDF-1 treatment alone increased MFE in both MCF7 and T47D cell lines, but again, significance was only reached in the T47D cell line (p\<0.001). Interestingly, combination treatment of AMD3100 and SDF-1 to MCF7 and T47D cells in mammosphere culture significantly increased MFE further compared with no treatment (MCF7 -- p\<0.01, T47D -- p\<0.001). AMD3100 or SDF-1 alone or combination had no effect on the MFE of the ER negative cell line, SKBR3. Differences in the response of patient-derived samples to SDF-1 compared to the cell lines is likely due to high endogenous cytokine levels in the fluid (Mean 5413.3pg/ml) from which the cells were obtained. In contrast, there was 7-fold less SDF-1 present in T47D cell line-conditioned medium and several hundred-fold lower levels in MCF-7 and SKBR3 cells (Table [1](#T1){ref-type="table"}). Thus, control MFE may represent an SDF-1 withdrawal response while treatment may represent maintenance of cytokine exposure.

###### An ELISA was used to measure SDF-1 concentrations in the metastatic fluid collected from human patient derived ascites samples and from the media of cell lines grown in culture for 3 days

Fold change for each cell line was calculated versus the mean SDF-1 concentration from the 3 ascites samples. N.d. -- not detected, means calculated from 3 individual samples in duplicate.

  Fold change vs. ascites   Sample                          Mean SDF-1 concentration (pg/ml)
  ------------------------- ------------------------------- ----------------------------------
                            Human patient-derived ascites   5413.3
  x 7                       T47D                            767.5
  x 159                     MCF7                            34.0
  x 381                     SKBR3                           14.2
  x 588                     226L                            9.2
  x ∞                       MCF10a                          n.d.

First generation mammospheres from 226L, T47D cells and one of the ascites samples were dissociated and re-plated into a mammosphere assay in the absence of secondary treatment to assess the effects of first generation treatment on stem cell self-renewal (Figure [3B](#F3){ref-type="fig"}). A small increase in self-renewal was seen with single treatments of SDF-1 or AMD3100 for the 226L cell line while T47D cells had a marked decrease in self-renewal of mammospheres treated with AMD3100 (both alone and in combination with SDF-1) during second generation culture (p\<0.01), while SDF-1 had no effect on self-renewal. For the ascites sample, first generation cells treated with SDF-1 alone showed an increase in self-renewal. This was reduced when AMD3100 was added in combination with SDF-1, while AMD3100 treatment alone had no effect.

Mammosphere formation/self-renewal in FACS-sorted CXCR4-positive and negative populations treated with SDF-1 and AMD3100 {#s2_4}
------------------------------------------------------------------------------------------------------------------------

In an attempt to further resolve the effects of CXCR4 on stem cell activity, cells positive for surface expression of CXCR4 were sorted using FACS. The MCF7 cell line was chosen due to its high CXCR4 expression. Both positive and negative fractions were collected and purity checks performed (Figures [4a](#F4){ref-type="fig"} and data not shown).

![Effects of inhibition and stimulation of CXCR4 signalling on stem cell activity of CXCR4 sorted MCF7 cells\
MCF7 cells were sorted for cell surface expression of CXCR4 (A). CXCR4 positive cells demonstrated increased mammosphere formation compared with CXCR4 negative cells (B). Inhibition of CXCR4 signalling using AMD3100 reduced stem cell activity of CXCR4 positive cells while it had little effect on 1^st^ generation CXCR4 negative cells (C). CXCR4 positive and negative cells showed similar results for 2^nd^ generation mammosphere formation (D). No further treatment was added to 2^nd^ generation mammosphere cultures. 1^st^ generation mammosphere results (B and C) represent 3 independent results in triplicate. 2^nd^ generation mammosphere results represent 3 independent results. All statistics are comparing mammosphere formation against untreated controls (far left bar of each chart). MFE -- mammosphere forming efficiency, error bars ± 1 S.E.M., \* p\<0.05, \*\* p\<0.01.](oncotarget-05-599-g004){#F4}

CXCR4 positive FACS cells had higher MFE than CXCR4 negative cells (p \< 0.05, Figure [4B](#F4){ref-type="fig"}). The CXCR4 negative cells showed little change in MFE in response to SDF-1 or AMD3100 treatment (Figure [4C](#F4){ref-type="fig"}) while the first generation MFE of the CXCR4 positive fraction of MCF7 cells mimicked the response of secondary generation unsorted T47D cells, with AMD3100 significantly reducing the MFE independent of SDF-1 treatment (AMD3100 alone; p\<0.01, combination; p\<0.05). Second generation data for the negative CXCR4 fraction demonstrated a significant decrease in MFE in response to AMD3100 primary treatment alone and in combination with SDF-1 (Figure [4D](#F4){ref-type="fig"}). A decrease was seen for the same treatment conditions in the positive CXCR4 fraction however this did not reach significance. Neither population showed any effect of primary SDF-1 treatment on second generation MFE.

CXCR4 over-expression induces mammosphere formation/self-renewal and is inhibited by AMD3100 {#s2_5}
--------------------------------------------------------------------------------------------

In order to further investigate CXCR4 signalling in malignant cells, CXCR4 was retrovirally over-expressed in MCF7 cells using human codon optimised CXCR4 cDNA. FACS was used to verify a 5.9 fold increase in CXCR4 compared with the empty vector control (83.3% vs. 14.2%, Figure [5A](#F5){ref-type="fig"}).

![Effects of inhibition and stimulation of CXCR4 signalling on stem cell activity of CXCR4 over-expressing MCF7 cells\
Cell surface expression of CXCR4 increased 5.9-fold after retroviral infection with human codon optimised CXCR4 cDNA (A). Over-expression of CXCR4 increased both stem cell activity and self-renewal of MCF7 cells in the mammosphere assay (B). MCF7 cells over-expressing CXCR4 showed sensitisation to the effects of CXCR4 inhibition by AMD3100 causing both a reduction in stem cell activity (C) and self-renewal (D). A proposed model for CXCR4 signalling in normal and malignant breast stem cells is shown in (E); Stimulation of CXCR4 signalling decreases stem cell activity in normal breast stem cells. The opposite effect occurs in malignant breast stem cells while also increasing stem cell self-renewal. Inhibition of CXCR4 signalling has no measurable effect on normal stem cells but reduces malignant stem cell self-renewal. No further treatment was added to 2^nd^ generation mammosphere cultures. 1^st^ generation mammosphere results (B and C) represent 3 independent results in triplicate. 2^nd^ generation mammosphere results represent 3 independent results. All statistics are comparing mammosphere formation against untreated controls. MFE -- mammosphere forming efficiency, error bars ± 1 S.E.M., \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001.](oncotarget-05-599-g005){#F5}

Over-expression of CXCR4 significantly increased (p\<0.001) the mammosphere forming potential of MCF7 cells compared with empty vector control (Figure [5B](#F5){ref-type="fig"}), correlating with the data from the CXCR4 sort (Figure [4B](#F4){ref-type="fig"}). Second generation mammosphere culture demonstrated that over-expressing CXCR4 significantly increases self-renewal of MCF7 cells (p\<0.001; Figure [5B](#F5){ref-type="fig"}). SDF-1 treatment alone or in combination with AMD3100 significantly increased the first generation MFE of the empty vector control cells (both p\<0.01; Figure [5C](#F5){ref-type="fig"}), as previously seen with parental MCF7 cells. Addition of AMD3100 significantly reduced the MFE of the CXCR4 over-expressing cells (p\<0.001) with combination treatment of AMD3100 and SDF-1 also showing a significant reduction (p\<0.05).

The effects of CXCR4 over-expression on self-renewal were then investigated using the primary mammospheres formed after treatment with AMD3100 and SDF-1 (Figure [5D](#F5){ref-type="fig"}). Second generation mammosphere forming capacities of the empty vector control cells showed no difference across all treatment groups. In the CXCR4 over-expressing cells, the second generation mammosphere forming efficiency was significantly reduced in both AMD3100 treatment groups (both p\<0.001). SDF-1 treatment had no effect on the secondary MFE of the CXCR4 over-expressing cells.

DISCUSSION {#s3}
==========

In this study we utilised early mammosphere culture to harvest the anoikis-resistant population of immortalised normal and malignant breast cell lines. The anoikis-resistant fraction of the malignant cell line MCF7 has previously been demonstrated to be enriched for cancer stem cells \[[@R10]\]. We confirmed this previous finding by showing that anoikis-resistant cells can enrich for stem cells in the normal breast cell lines MCF10a and 226L and the malignant breast cell lines T47D and SKBR3. Normal stem cell enrichment was demonstrated using the clonogenic mammosphere and Matrigel assays *in vitro*. For the malignant cells, the mammosphere culture was used *in vitro* to confirm stem cell enrichment and limiting dilution assays *in vivo* to demonstrate increased tumour formation of the anoikis-resistant cells.

A custom gene microarray highlighted several genes that were differentially expressed between the stem cell-enriched populations and unsorted monolayer cells across all the cell lines (TRIM16, FOS, HES4 and ID1). Of particular interest was the increase in gene expression of CXCR4 in both the normal and malignant stem cell enriched fractions. Signalling of this chemokine receptor, via its ligand SDF-1, has been linked with migration in normal development and metastasis in many types of cancer \[[@R19], [@R29], [@R30]\]. More recently, high CXCR4 expression has been demonstrated in prostate, lung and pancreatic cancer stem cells, but the full extent of its role in cancer has not been elucidated \[[@R23]-[@R25]\]. In breast cancer, high CXCR4 expression is found in aggressive tumours, correlating with poor prognosis and a decrease in disease-free survival \[[@R31]-[@R33]\]. As well as a mediator of metastasis, CXCR4 signalling has been found to contribute to breast tumour growth at the primary site; however its function in stem cell activity, both normal and malignant, has not yet been investigated \[[@R19], [@R21]\].

Our data demonstrated that stimulation of the CXCR4 pathway in the normal breast cell lines by SDF-1 decreased mammosphere formation but had no effect on normal stem cell self-renewal. Inhibition of the CXCR4 pathway in the ER+ malignant cell line T47D, resulted in a significant increase in stem cell activity but a reduction in stem cell self-renewal. However, stimulation of the CXCR4 pathway in human primary fluid samples from metastatic breast cancer patients increased both stem cell activity and self-renewal. MCF7 cells either sorted for CXCR4 expression or transfected to over-express CXCR4 demonstrated greater mammosphere forming potential compared with controls suggesting an increase in stem cell activity. CXCR4 over-expression or stimulation of CXCR4 signalling conferred an increase in the self-renewal capacity of malignant stem cells.

This study is the first to explore the specific role of CXCR4 in normal and malignant breast stem cells. Our data is consistent with a model in which CXCR4 signalling produces contrasting effects in normal and malignant breast stem cells (Figure [5E](#F5){ref-type="fig"}). This could be due to the activation of different downstream targets. However, the effects on stem cell activity require further investigation and cannot be determined from the mammosphere assay alone. For example, the increase in stem cell activity observed in response to CXCR4 stimulation in malignant stem cells could result from an increase in proliferation, a release from senescence or an increase in anoikis resistance. Additional experimentation will be required to identify which of these functions is affected by CXCR4 signalling both *in vitro* and *in vivo*. The differences in the response of cells derived from human breast cancer and the malignant cells lines to AMD3100 and SDF-1 could be due to high levels of endogenous SDF-1 already present in the ascites fluid from which patient-derived samples were obtained (Table [1](#T1){ref-type="table"}). Recent studies have demonstrated that CXCR7 can also heterodimerise with CXCR4, enhancing signalling via SDF-1 \[[@R34]\], adding complexity to the signalling pathway. The role of CXCR7 in cancer progression cannot be ignored, but distinguishing between the effects of CXCR4 and CXCR7 signalling will be difficult.

Previous studies in pancreatic and prostate cancer stem cells also showed that stimulation of CXCR4 signalling increased the cancer stem cell fraction, \[[@R24], [@R25]\] while inhibition reduced stem cell activity (measured by the ability to form metastases). Efforts to investigated the engraftment potential of CXCR4 sorted (by FACS) human cord blood and foetal cells have shown that CXCR4 negative cells engraft equally well as CXCR4 positive cells \[[@R35], [@R36]\]. Kollet *et al.* investigated this further and found that blocking CXCR4 signalling in the CXCR4 negative fraction inhibited engraftment. However, sorting for CXCR4 also reduced the engraftment of CXCR4 positive cells compared with unsorted cells. Interestingly, they also demonstrated that engraftment and migration of both sorted CXCR4 populations could be enhanced through the addition of an assortment of cytokines (including IL-6 and G-CSF). Overall, they propose that cells have intracellular stores of CXCR4 which can be released rapidly in response to cytokines and that sorting for CXCR4 using monoclonal antibodies which bind to same domains as SDF-1 can interfere with CXCR4 signalling. They suggest that cells should be sorted for CXCR4 expression using alternate methods such as migration assays.

A limitation with our predicted model is that it does not include the interaction of SDF-1 and its inhibitor with other receptors such as CXCR7 or the surrounding stroma which is responsible for the majority of SDF-1 secretion. The scavenging role of CXCR7 on SDF-1 may moderate CXCR4 signalling with high levels of expression of CXCR7 observed on many tumour cell lines and human primary tumour samples \[[@R37]-[@R39]\]. CXCR7 signalling has been demonstrated to increase cell proliferation and cellular adhesion suggesting that it may also function as a typical GPCR as well as a scavenging receptor, mediating the signal transduction process \[[@R37], [@R40], [@R41]\]. Whether these functional responses of CXCR7 observed are only via interaction with CXCR4 or are evidence of independent signalling are yet to be determined and requires further investigation.

CONCLUSION {#s4}
==========

CXCR4 is expressed in a broad range of normal and malignant tissues and demonstrates diverse functions. This can be explained by changes in the activation of different downstream signalling components dependent on cell type and location. Our data establish for the first time that CXCR4 signalling has contrasting effects on normal and malignant breast stem cell activity. CXCR4 influences self-renewal of malignant stem cells and is highly expressed in stem cell populations in patient tumours, which may account for its role in tumour progression and metastasis. The differing role of CXCR4 signalling on normal and malignant breast stem cells suggests potential in the use of CXCR4-targeted therapy alongside current standards of care.

MATERIALS AND METHODS {#s5}
=====================

Patient-derived breast cancer samples {#s5_1}
-------------------------------------

Three ascites samples were collected from patients with metastatic breast cancer following fully informed consent (Local research ethics committee number 05/Q1402/25). All three samples were from patients with luminal (ER+/PR+) tumours, two of which were grade 3 (one HER2+, one HER2-) and had received chemo- and endocrine-therapy.

Mice {#s5_2}
----

All *in vivo* experiments utilised female athymic Nu/Nu (nude) mice obtained from Harlan laboratory. For experiments involving the estrogen receptor positive cell line T47D, estrogen pellets (17 β-oestradiol 90-day slow release pellets; Innovative Research of America) were implanted into mice 7 days before injection of the cells. Mice were monitored daily and weighed every 3-4 days.

Cell lines and cell culture {#s5_3}
---------------------------

MCF10a, MCF7 and T47D cell lines were purchased from ATCC (American Type Culture Collection). 226L cells were derived by infecting human breast epithelial cells with amphotropic retrovirus transducing a temperature-sensitive mutant of SV40 large T-antigen using the catalytic subunit of telomerase \[[@R42], [@R43]\] and were a gift from Professor Mike O\'Hare (Ludwig Institute, London). They were cultured in Dulbecco\'s Modified Eagle\'s Medium (DMEM)/F12 (1:1 - Gibco) supplemented with 10% foetal bovine serum (FBS), 20ng/ml cholera toxin (Sigma), 20ng/ml human epidermal growth factor (hEGF), 5μg/ml insulin and 1μg/ml hydrocortisone. SKBR3 cells were a gift from Dr Valarie Speirs (Leeds University, UK) and cultured in McCoy\'s 5A (Gibco) with 10% FBS. HEK293-T fibroblast cells (derived from human kidney, ATCC) were used for production of virus and were a gift from Dr Akira Orimo (The University of Manchester, UK). MCF10a cells were cultured in DMEM/F12 (1:1) supplemented with 5% horse serum, 20ng/ml hEGF, 100ng/ml cholera toxin, 500ng/ml hydrocortisone and 10μg/ml insulin. MCF7, T47D and HEK293-T cells were grown in DMEM (Sigma), 10% FBS and 2mM L-glutamine. Levels of SDF-1 secreted into the media during 3 days of culture of cell lines were assayed for SDF-1 levels using a human CXCL12/SDF-1α Quantikine® ELISA, performed following the manufacturers protocol. All cells were incubated at 37°C and 5% humidified CO~2~ and were used in experiments when \~80% confluent. Cell lines were tested regularly for mycoplasma by PCR and discarded if positive.

Primary cell extraction and culture {#s5_4}
-----------------------------------

Cells from ascites fluid were collected by centrifugation at 1000g for 10 minutes at 4°C. The supernatant was collected and assayed for levels of SDF-1. The pellet was resuspended in cold PBS and red blood cells removed using Lymphoprep (Axis Shield). Magnetic-activated cell sorting (MACS) was used to remove lymphocytes and purify the remaining cells.

Mammosphere culture {#s5_5}
-------------------

First and second generation mammosphere culture was performed following the previously published protocol \[[@R44]\]. All cell lines were plated out at a density of 500 viable cells/cm^2^ into mammosphere culture, except for MCF7 cells, which were plated out at a density of 300 viable cells/cm^2^. Mammospheres from primary samples were counted after 7 days in culture. AMD3100 (Sigma) and SDF-1 (Miltenyi) were added at time of plating into mammosphere culture at concentrations listed in each relevant figure. Media was not changed throughout the duration of the mammosphere culture.

Harvesting anoikis-resistant cells {#s5_6}
----------------------------------

Cells from each epithelial cell line were plated out according to the first generation mammosphere culture protocol. After 8 and 12 hours the media containing the anoikis-resistant cells was harvested and centrifuged at 580g for 2 minutes. The supernatant was discarded, the cell pellet washed twice in cold PBS and the dead cells removed using a dead cell removal kit in conjunction with MACS® sorting columns (Miltenyi Biotec) following the manufacturers protocol ([supplementary Figure 1](#SD1){ref-type="supplementary-material"}).

Matrigel culture {#s5_7}
----------------

Twelve hour anoikis-resistant 226L or MCF10a cells were collected as described above. Single cell suspensions of monolayer 226L or MCF10a cells were also harvested. 50μl of Matrigel (BD Biosciences) was added to each well of a pre-chilled 8 well chamber slide and incubated at 37°C for 15 minutes to allow the basement membrane to solidify. Cells were resuspended in 2% Matrigel diluted in the respective monolayer media for each cell line, and 3000 cells plated out into each well in triplicate. Matrigel cultures were incubated at 37°C and 5% humidified CO~2~. Structures were scored after 21 days using a microscope fitted with a graticule.

Limiting dilution assays in vivo {#s5_8}
--------------------------------

Twelve hour anoikis-resistant cells were collected from SKBR3 and T47D cell lines and the dead cells removed. Viable cells were resuspended in 50% Matrigel (v/v with PBS) and injected subcutaneously into each flank of nude mice assessing tumour growth every 3-4 days, measured using callipers. Experiments were ended when tumour growth plateaued or total tumour volume exceeded 1.3cm^3^. Tumour volumes were calculated as (length × length × width) divided by 2.

Measuring CXCR4 surface expression {#s5_9}
----------------------------------

To analyse CXCR4 cell surface expression, fluorescent-activated cell sorting (FACS) was utilised. Single cell suspensions were centrifuged (580g for 2 minutes) and resuspended in cold PBS at ≤ 1 × 10^7^ cells/ml containing UV live/dead dye (Invitrogen). CXCR4 PE-Cy™5 (BD Biosciences) was added and the cells were incubated at 4°C for 15 minutes. The cells were washed with cold PBS, centrifuged at 1800g for 2 minutes and resuspended in cold PBS ready for analysis. Fluorescence was measured using the LSR II (BD Biosciences) and analysed using FlowJo (version 7.6.5).

Sorting for CXCR4 expression {#s5_10}
----------------------------

Staining of the cells for sorting followed the same protocol for analysis of surface CXCR4 expression except that the cells were resuspended in running buffer prior to sorting and a violet live/dead dye (Invitrogen) was used due to laser restrictions. Cells were sorted using the FACS Aria (Becton Dickinson) at 16 pounds per square inch (PSI) pressure and Hank\'s buffered saline solution (HBSS) as sheath fluid. For each sort, a sample with only viable dye was run as a pressure control.

RNA extraction {#s5_11}
--------------

RNA was collected from monolayer samples and anoikis-resistant cells harvested after 8 and 12 hours in mammosphere culture. RNA was extracted using the RNeasy® Plus Mini following the manufacturer\'s protocol, using a QIAshredder spin column (Qiagen) to homogenise the cell lysates. In addition to the gDNA eliminator spin column provided in the RNeasy kit, an on-column DNase digestion was performed to ensure maximum removal of DNA. The concentration of RNA was measured using a GeneQuant machine (Amersham Biosciences).

Quantitative real time (RT)-PCR {#s5_12}
-------------------------------

Quantitative RT-PCR was performed to examine the levels of CXCR4 expression. For primer sequences see [supplementary table 1](#SD2){ref-type="supplementary-material"}. Samples were set up in triplicate, prepared using the EpMotion 5070 pipetting robot and analysed using the 7900 PCR machine (Applied Biosystems). Data was analysed using the relative quantification method normalising sample CT values with 3 housekeeper genes and gene expression was calculated as 2^−ΔΔCt^

Agilent gene custom microarray {#s5_13}
------------------------------

RNA integrity was assessed by microanalysis (Agilent Bioanalyser). RNA was amplified using the WT-Ovation™ Pico RNA Amplification System (NuGEN) following the manufacturers protocol which employs SPI™ amplification. The cDNA generated was fluorescently labelled using the FL-Ovation™ cDNA Fluorescent Module kit (NuGEN) with a single tag (Cy™3) (following manufacturers protocol). Custom microarray chips were purchased from Agilent using a web-based application to design the microarrays to our specifications. It was designed by selecting 7198 genes of interest and 4543 housekeeper genes. The genes of interest were selected on the basis of their implication in: stem cell maintenance, stem cell, proliferation and differentiation and cancer treatment resistance. The fluorescently tagged cDNA was loaded onto microarray slides and the Agilent microarray chips fastened carefully on top (8 chips to a slide). These were incubated at 65°C for 40 hours in a hybridisation oven to allow hybridisation to occur. The chips were scanned using an Agilent scanner.

Gene expression analysis {#s5_14}
------------------------

Analysis of variance (ANOVA), further moderated by an empirical Bayes adjustment was used to analyse the Agilent gene expression data using SPSS (version 16.0). Heat maps were generated using GENE-E (version 1.0.397). Raw .cel files representing gene expression data of flow sorted cells from Creighton et al. \[[@R28]\] were downloaded from NCBI GEO (GSE7513), summarised with Ensembl alternative CDF \[[@R45]\] and normalised with RMA \[[@R46]\].

CXCR4 over-expression using retro-virus {#s5_15}
---------------------------------------

Packaging and envelope plasmids (pUMVC3-gag-pol and pCMV-VSVG ; Addgene plasmid 8449 and 8454) were expanded using Library Efficiency® DH5α™ Competent Cells (Invitrogen) following the standard transformation procedure on L-broth agar plates supplemented with ampicillin \[[@R47]\]. Human codon-optimised CXCR4 cDNA \[[@R48]\] was cloned into the pBABE retroviral vector (pBABE-puro; Addgene plasmid 1764).

Retro-virus particles were produced using the fibroblast cell line HEK293T. Transfection was performed after 24 hours using the FuGENE 6 kit following the manufacturer\'s protocol combining the packaging and envelope vectors with each construct. The media was changed 16 hours after transfection to standard HEK293T media. After 48 hours transfection, the media containing virus particles was collected and centrifuged at 900g for 10 minutes at 4°C to pellet any cells. The supernatant was passed through a 0.45μm filter to remove any remaining cells or debris. The virus was purified by layering onto a 20% sucrose cushion (v/v in PBS) and collected by ultracentrifugation at 33,735g for 3 hours at 4°C. MCF7 cells were infected with the virus 24 hours after plating by adding the virus to target cell media containing protamine sulphate (1:1000 - Sigma). Virus concentrations were determined by titration. Antibiotic selection of MCF7 infected cells was by puromycin (Invitrogen).

Statistical analysis {#s5_16}
--------------------

Parametric tests were used to test for significant differences as all the data was normally distributed. Analysis of variance (ANOVA) with least significant difference (LSD) *post-hoc* comparisons was used when more than 2 groups were being assessed. Otherwise, unpaired t-tests were used for comparisons of 2 groups. Further statistical details about each experiment are stated in the figure legends. Each cell line was analysed separately unless stated. All statistical analysis was performed using SPSS software (version 16.0).
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